ABSTRACT: Previous studies have developed size-at-age curves for goliath grouper; however, these data were based on relatively few immature individuals, and age estimation was otolith-based, requiring sacrifice of this federally protected fish. In the present study, scales, dorsal fin-rays and dorsal spines were explored as potential non-lethal ageing alternatives for juvenile goliath grouper. Annulus marks were validated using marked-recaptured fish, oxytetracycline injections, and edge analysis. A subset of fish was sacrificed to compare the scale, spine and ray ages to otolith ages. A 40% recapture rate provided a useful time series of in situ age and growth data. Scale and ray ages were unreliable, but dorsal spines demonstrated agreement with corresponding otolith ages. Annuli were best represented by translucent bands in spines, as opposed to opaque bands in otoliths. Spines were positively validated for periodicity of annulus formation. Annuli formed at different times of the year in spines than in otoliths. By correcting for this difference using a biological age method, better agreement between otolith and spine age was achieved. Dorsal spines are recommended as the primary method for ageing goliath grouper between the ages of 0 and 6 yr. This study illustrates the use of a non-lethal method to determine age of a protected species. 
INTRODUCTION
Goliath grouper Epinephelus itajara is the largest epinephalid species in the western North Atlantic, attaining sizes of 250 cm total length (TL) and 320 kg total weight, and living for at least 37 yr (Sadovy & Eklund 1999) . It is an apex predator and aggregation spawner that is slow growing and late to mature. These life history characteristics and its suitability as a food fish make the species highly susceptible to fishing pressure (Huntsman et al. 1999) . As a result of declining abundance, goliath grouper has been protected from all take in US waters since 1990 (in the US Caribbean, since 1993) and was listed as a 'species of concern' under the Endangered Species Act (ESA) until 2006. Furthermore, it is considered 'conservation dependent' by the American Fisheries Society (Musick et al. 2000) , and included on the International Union for the Conservation of Nature (IUCN) Red List of threatened animals (Hudson & Mace 1996) .
Post-larval and juvenile goliath grouper recruit to estuaries. The historical center of abundance for juvenile goliath grouper in US waters is the Ten Thousand Islands area of southwest Florida, USA (Bullock & Smith 1991 , Bullock et al. 1992 . Goliath grouper in this area are generically characterized as sexually immature fish from settlement to approximately 1000 mm TL and approximately 6 yr of age (Bullock et al. 1992 , Koenig et al. 2007 ). Generally, juvenile goliath grouper show high site fidelity moving little within their home range environment (Eklund & Schull 2001 , Koenig et al. 2007 ). Upon reaching sexual maturity (1100 to 1350 mm TL), individuals move offshore from this habitat as part of an ontogenetic migration.
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Traditionally, otoliths have been the most reliable hard part for age determination and validation in teleost fishes (Beamish & McFarlane 1983 , Jearld 1983 , Lowerre-Barbieri et al. 1994 , Ihde & Chittenden 2002 , even proving useful for ageing tropical and subtropical species that experience small variation in water temperature (Manooch 1987) . A goliath grouper age and growth study was conducted by Bullock et al. (1992) which entailed sampling specimens from both recreational and commercial landings and using sagittal otoliths for age determination. Of the 384 individuals that Bullock et al. (1992) aged, only about 50 were juveniles (i.e. sexually immature, <1000 mm, ≤6 yr old). Bullock et al. (1992) counted the opaque bands as annuli on the sectioned otoliths and used intramuscular injections of oxytetracycline (OTC) to determine the validity of the age marks. However, otoliths can only be obtained by killing fish, which is clearly undesirable for protected species (Jearld 1983 , Welch et al. 1993 . Because the goliath grouper is currently protected, there was a need to determine whether other hard parts available for non-lethal removal, such as soft dorsal fin-rays (rays), scales, or rigid dorsal spines (spines), could be used instead. The use of hard parts other than otoliths for age determination is well documented for many different species (Beamish & McFarlane 1985 , Welch et al. 1993 , Franks et al. 2000 , Ihde & Chittenden 2002 .
The objectives of the present study were to (1) determine if spines, rays, or scales, rather than otoliths, could be used to age juvenile goliath grouper; (2) validate these ageing structures using mark-recapture, OTC validation and hard part edge analysis; and (3) compare our results to previous age and growth studies. Achieving these objectives will better describe the population structure of juvenile goliath grouper. To our knowledge, this is the first study to use non-lethal methods to estimate age of an epinepheline grouper.
MATERIALS AND METHODS
Sample collection. A total of 1683 juvenile goliath grouper were captured and released from 1997 through 2003 as part of juvenile goliath grouper density and abundance study in the Ten Thousand Islands area of southwest Florida, USA (Koenig et al. 2007) (Fig. 1 ). Following the methods described in Koenig et al. (2007) , trotlines, blue crab traps and fish traps were used to capture goliath grouper during the summer and fall when catch rates were typically highest; however juveniles were also opportunistically sampled during other times of year.
At first capture, fish were weighed, measured, and tagged with a Floy internal steel-core, numbered anchor tag. The third dorsal spine and second and third dorsal rays were removed using wire clippers and a scalpel. Following G. W. Ingram et al. (pers. comm.) and Ihde & Chittenden (2002) , the shaft of each spine or ray was cut 5 to 10 mm above the condyle or base of the spine. Ray and spine samples from recaptured fish were taken from rays and spines adjacent and posterior to ones that had previously been removed. Three scale samples (5 to 6 individual scales) were taken from the left side of each fish dorsally above the lateral line (dorsal), ventrally behind the pectoral fin (belly), and anterior to the caudal peduncle (tail) as described by Jearld (1983) . Hard part samples were not collected from fish that were recaptured within 6 mo of a previous capture to allow adequate time for growth. All fish were released quickly (generally within 15 min) at their capture location. A subset of fish (n = 35) was sacrificed in order to compare otolith-based age estimates to spine, ray, and scale-based estimates.
Mark-recapture of chemically-tagged (OTC) fish is one of the best methods available for validating the periodicity of growth increment formation (Campana, 2001) . Therefore, a subset of marked fish (n = 152) was injected intramuscularly with OTC (Maxim, 200 mg ml -1 ) to validate annulus formation (Beamish & McFarlane 1983 , Bullock et al. 1992 , Campana 2001 . Initial doses of OTC administered in 1997 through mid-1999 varied from 6 to 426 mg kg -1 body weight; a standard dose of 50 mg kg -1 was thereafter adopted following recommendations in the literature (Bullock et al. 1992 , McFarlane & Beamish 1987 , Fowler & Short 1998 . Sample preparation. Spine and ray samples were frozen until processed, and then thawed, dried in a drying oven (60°C) or in a cool dark location, manually cleaned of excess tissue, and stored dry. Samples were then sectioned with a Buehler Isomet low-speed saw. Three serial transverse sections 0.5 mm thick were cut from the base of each spine or ray. Sections were air dried and then mounted to microscope slides using Lerner Laboratories Pro-Texx mounting media.
Sagittal otoliths were cleaned and stored dry and subsequently imbedded in epoxy and sectioned using a Beuhler Isomet low-speed saw. Three serial transverse sections 0.5 mm thick were cut to ensure that the core and first band would be visible. Sections were then fixed to microscope slides using Lerner Laboratories Pro-Texx mounting media.
Collected scales were cleaned using freshwater, and stored dry. Scales were pressed between 2 glass plates and read on a standard microfiche reader as per Jearld (1983) .
Interpretation of bands. Spine and ray sections were examined for age marks using a dissecting microscope illuminated from below. An attached camera displayed the image of the sample on a computer monitor. Translucent bands in sectioned spines and rays were counted as annuli. Otoliths were read according to the methods of Secor et al. (1992) using a compound microscope at 40× magnification and reflected light. Opaque bands were counted as annuli for otoliths. Typically, marine fishes off the southeastern US complete annulus formation (opaque zone) by late spring to early summer (Patterson et al. 2001 , Wilson & Nieland 2001 , Smith & Deguara 2003 , Garcia et al. 2003 . The opaque zone is the thinnest and most distinctive zone in the otolith as the fish ages, whereas, for spines and rays, the translucent zone is the thinnest and most distinctive. Previous studies supported use of translucent zones as annuli (Welch et al. 1993 , Franks et al. 2000 , Ihde & Chittenden 2002 . For scales, opaque bands (thinnest and most distinctive) were counted as annuli as per Jearld (1983) .
For otoliths, spines, and rays, 2 readers independently aged each sample. If counts did not agree, the sample was viewed again with both readers present and eliminated if agreement could not be reached. Two readers independently examined scales from each fish, ageing scales from 3 locations on the fish's body for 6 readings per fish. The mode of the 6 readings was used as the age estimate. Researchers also recorded percent agreement between scales taken from the 3 distinct areas on the fish to determine if scales from a certain region were more reliable than others. We compared regression equations for annulus counts on each hard part versus otolith age.
Validation techniques. Edge analysis was conducted for all aged fish to determine the time period of annulus formation (Campana 2001) . For each month of capture, the percent of samples with an annulus on the distal edge of the section was computed. Marginal increment analysis, which had been employed by Bullock et al. (1992) to validate period of annulus formation, was bypassed in favor of edge analysis which qualitatively describes the character of the edge of the hard part. Marginal increment analysis can be subjective and misused in age and growth studies (Campana 2001) .
Because approximately 40% of our tagged fish were recaptured, we were able to follow the changes in their hard parts as they grew in situ. We examined the spines of juvenile goliath grouper that had been recaptured after at least 1 yr at large to determine if age increased proportionally to known time at large. Additionally, hard parts from recaptured fish that had been previously injected with OTC were used to determine if there was a consistent, annular pattern of growth past the OTC mark. This was done by recording the number of annuli and/or growth distal to the OTC mark in the marked-recaptured fish and comparing this to the previous age determination given to the fish at the time of capture and injection.
Assignment of age. Ages were assigned based upon timing of annulus completion and edge interpretation (Patterson et al. 2001 , Wilson & Nieland 2001 , Smith & Deguara 2003 , Garcia et al. 2003 . This timing of otolith zone formation was established for goliath grouper by Bullock et al. (1992) . For example, an otolith with a large translucent zone early in the year would be expected to complete an opaque annulus by late spring to summer. Therefore, age equals otolith opaque counts plus 1 yr until approximately August for fish with translucent margins. After this date, age equals opaque zone count. Spine age was also re-calculated based on timing of translucent zone (annulus) formation.
Edge analysis indicated that spines and rays deposited annuli at different times of the year than did otoliths, and that the timing of the first annulus mark in the structures was also dissimilar. In spines and rays, the first annulus (translucent) is deposited by December, which is 4 mo after an assumed hatching date of September 1 (Bullock et al. 1992 ). In the corresponding otoliths, the first annulus (opaque) is deposited by August (Bullock et al. 1992) . Therefore, biological ages were calculated for each hard part by adding or subtracting fractions of years (days) from the total number of annuli, based on date of capture (Jearld 1983 , Lowerre-Barbieri et al. 1994 , allowing for the subtraction of the number of days from the inferred September 1 hatching date (Bullock et al. 1992 ) to the first annulus deposit.
Age and growth. Once corrected, the method described above was applied to all spines aged dur-ing this study (n = 1114). These ages and corresponding lengths were then compared to the von Bertalanffy growth model for goliath grouper in the eastern Gulf of Mexico published by Bullock et al. (1992) as a comparison of the only 2 ageing studies for goliath grouper.
RESULTS

Sample collection
Hard parts were collected from fish caught between 1997 and 2001 (n = 1144). A total of 667 fish were recaptured, with 275 recaptured 2 or more times, for a total of 1913 capture events. We collected 1207 spine samples, 844 ray samples, 903 scale sets, and 35 otoliths. Fish ranged in size from 145 to 1005 mm TL (mean ± SD = 419 ±165 mm). From initial investigation, readers had low confidence in both ray and scale samples, so only a small subset of those collected were used for the analysis described below.
Interpretation of bands
A total of 1207 spines, 66 rays, 35 otoliths, and 216 scale sets were used for age analysis (Table 1) . Readers agreed on 86% of the spine counts and 48% of the ray counts. Agreement within 1 yr (±1 yr) was reached for 96% of the spines and 78% of the rays. After a second reading, 93 spines and 18 rays were discarded either because of poor quality of the section or because agreement could not be reached between readers, leaving 1114 spines and 48 rays for analysis.
Readers examined 35 sectioned otoliths, agreeing on 89% of otolith ages, and agreeing ±1 yr for 97% (Table 1) . After a joint reading, 3 otoliths were discarded either because of disparity between readers or because of poor quality of the sections, leaving 32 otoliths for analysis.
Readers analyzed 216 scale sets in an attempt to determine ages. Within-reader agreement was 16.9%, with only 3.7% of samples showing unanimous agreement across all 6 readings for each fish. Betweenreader agreement for scales using the mode of the 6 readings (n = 149) was 43%, with 39% agreeing ±1 yr. Reader agreement for dorsal, belly, and tail scales was 38, 35, and 34%, respectively.
Validation of annuli in spines
Fish (n = 152) ranging in size from 186 to 1000 mm TL (mean = 539.3 mm) were injected with OTC. Of all OTC-injected fish 46% were recaptured. OTC marks were clearly visible (by unaided eye) in spine and ray sections. We observed discernable OTC marks in hard parts from fish that were injected with just 11.6 mg kg -1 of OTC. We also recaptured 3 healthy animals that we considered 'overdosed' (>100 mg OTC kg . It is apparent that juvenile goliath grouper can survive higher than advocated doses of OTC.
We recorded spine ages of juvenile goliath grouper that had been recaptured after at least 1 yr at large to determine if age (number of annuli) increased proportionally to time at large. Of the fish analyzed in this manner (n = 100), 92% showed the expected growth while at liberty, either through appropriate increases in age (66%) or remaining the same age but showing evidence of growth distal of the previous year's annulus mark (26%) (Fig. 2) . Only 8% showed a decrease in age or ages in excess of time at large.
Edge analysis of sectioned spines and rays (especially those marked with OTC) confirmed that the translucent band was deposited once annually, between August and December (Fig. 3) . The percentage of spines and rays with a translucent edge decreased through May and was lowest in June and July. Our small number of otoliths did not include samples from throughout the year, and the samples we did have showed no discernable pattern in edge formation. Therefore, we used data collected by Bullock et al. (1992) showing annulus completion between April and August. Bullock et al. (1992) confirmed validated ages of goliath grouper using otoliths. Therefore, we compared the utility of non-lethal ageing structures to accepted otolith ages. Otolith annuli counts were regressed against spine, ray, and scale annuli counts (Fig. 4) . Spine ages agreed best with otolith ages (p < Spines  1207  86  10  3  Rays  66  48  30  21  Otoliths  35  89  9  3  All scales  149  43  38  19  Dorsal scales  216  38  39  23  Belly scales  216  35  42  23  Tail scales  216  34  39  27   Table 1 . Epinephelus itajara. Percent agreement (initial reading) of annuli counts between independent readers for all age structures. % ±1: readers in agreement ±1 yr; % ± 2+: readers in agreement ± 2 yr 0.001), followed by ray ages (p < 0.05), and scales (p = 0.51). Sixty-three percent of spines agreed with the corresponding otolith (n = 32), 6% of spines were -1 yr, and 31% of spines were +1 yr. Thus, spines tended to agree with otoliths, but at times led to age overestimates of 1 yr. Eleven ray ages were compared to their corresponding otolith. The remaining rays were discarded either because of disparity between readers or difficulty in reading ray sections. Only 36% of rays agreed with the corresponding otolith; 36% of rays were -1 yr, 9% were -2 yr, and 18% of rays were +1 yr. Overall, the sectioned fin-rays were small and the translucent bands were difficult to read and interpret. Due to the difficulty in reading, low sample size, and low agreement to corresponding otoliths; rays were excluded from further age analysis.
Comparison of ageing structures
Scales consistently overestimated fish age. Only 21% of scales agreed with otolith ages; 14% were +1 yr, 29% were + 2 yr, 36% were ≥ + 3 yr. Scale marks were inconsistent, with low reader confidence and agreement and low agreement to corresponding otoliths. We concluded that scales were not a good candidate structure for ageing, as did Welch et al. (1993) , LowerreBarbieri et al. (1994) , and Ihde & Chittenden (2002) ; we thus excluded them from further analysis.
Corrected, biological ages of spines and otoliths agreed within 1 yr 84% of the time, with 13% +1 yr and 3% -1 yr. The mean biological age difference between spines and otoliths was 0.09 yr (Fig. 5) . A paired t-test showed no significant difference (p < 0.001) between the biological ages of spine and otolith samples. Otolith annumi count (yr) 
Size at age
Size at age for our study was compared to the von Bertalanffy growth model parameters generated by Bullock et al. (1992) using both raw otolith ages (for side-by-side comparisons) and corrected spine ages in order to compare results from the 2 studies (Fig. 6 ). In the current study, size at age was generally smaller than the results reported by Bullock et al. (1992) , especially at ages greater than 1 yr.
DISCUSSION
Our research confirmed that dorsal spines are adequate estimators of juvenile goliath grouper age (Age 0 to 6). Spines were simple to collect and process, showed discrete, easy-to-read bands, and their removal did not appear to harm the subject animal, given numerous recaptures over many years. Spinederived ages were validated using 3 methods (OTC, edge analysis, and time at large) and corresponded well to otoliths from the same animal.
Generally, age and growth studies are more successful in younger, faster growing fish (Campana 2001) , and this is probably the case in the present study. Ray age correlated positively with otolith and spine ages and showed similar trends in edge analysis; however, reader agreement and correlation to otolith ages was lower with rays than with spines. Ray sections were small and readers tended to have lower confidence in their ability to read them. This tendency has also been shown in other studies (Cass & Beamish 1983 , Ihde & Chittenden 2002 . Scales were also poor predictors of age in the present study and, thus, we rejected using them for age analysis. Scale ages were highly variable both within individual readers and between readers.
Spine annulus formation, in situ growth, OTC validation, and age agreement between spines and otoliths (a previously validated ageing structure for goliath grouper; Bullock et al. 1992 ) confirmed that our non-lethal age and growth techniques are sound for juvenile goliath grouper. The use of translucent bands as annuli in spines is supported in the literature (Welch et al. 1993 , Franks et al. 2000 , Ihde & Chittenden 2002 . Fifty mg OTC kg -1 was sufficient to produce a clear, readable mark in spines, rays and otoliths without additional mortality. Injected fish were recaptured up to 2 yr after administration, and all had discernable OTC marks in their spines and rays. This study was able to explore a range of OTC doses in field experiments as opposed to laboratory experiments, as recommended by McFarlane & Beamish (1987) . Otolith biological age (yr) Spine biological age (yr) Our recapture data and edge analysis showed that while presumed age rings were indeed formed annually, annulus marks were not formed at the same time of the year in spines and rays as in otoliths. The translucent zone, counted as the annulus mark in spines and rays, was complete in December while the corresponding otoliths opaque zone was complete by August (Bullock et. al. 1992) . While this difference is notable, it is not unique (e.g. Lowerre-Barbieri et al. 1994) . By assigning biological ages to the fish, we were able to correct for this issue and observe a clearer relationship between hard parts. We echo the concern stated by Lowerre-Barbieri et al. (1994) that differences in hardpart development must be better understood to increase the accuracy of ageing methods and better approximate true biological ages.
For larger or older fish, spines may not be as accurate due to erosion of the spine's core (McFarlane & King 2001 , Ihde & Chittenden 2002 As fish age, expansion of the central lumen erodes early annuli (caused by increasing amounts of vascularized tissue in the central part of the spine as it changes in structure with age), thereby causing the true age of older fish to be underestimated (Gonzalez-Garces & Farina-Perez 1983 , Franks et al. 2000 . Furthermore, slower growth as the animal reaches sexual maturity may compress annuli in spines (Welch et al. 1993) . These factors, along with the fact that goliath grouper approaching 6 yr of age and 1 m in length migrate out of the current study area, inhibited our attempts to obtain samples from fish in this size/age category. A study exploring the use of dorsal fin-rays for ageing adult goliath grouper appears in this Theme Section (Murie et al. 2009 ). Studies assessing the utility of fin-rays for ageing other groupers such as gag Mycteroperca microlepis and Nassau grouper Epinephelus striatus are in process (D. J. Murie pers. comm.).
Our data showed wide size ranges at age for juvenile goliath grouper, but this is not uncommon for groupers (Manooch & Mason 1984) . Bullock et al. (1992) reported much larger fish at age than our study. Superficially, this difference may be due to differences in time frame of studies (during exploitation versus during recovery), sample locations (central Gulf of Mexico versus southwestern Florida), sample size (n = 52 versus n = 1114), or ageing method (otoliths versus spines), although our limited otolith data showed the same trend. More likely, these differences are due to gear selectivity of the 2 studies (hook and line versus fish and blue crab traps), since our study would not have captured the largest fish in the environment (Koenig et al. 2007) , and migration of larger, faster growing fish from the juvenile habitat and out of our study area. Indeed, anecdotal evidence indicates that smaller and younger size classes of goliath grouper are appearing in offshore environments recently dominated by large adults; this is quite possibly a reflection of increased densities of goliath grouper inshore brought about by the apparent recovery of the species in the estuaries of the Ten Thousand Islands region. Another theory, as stated above (Bullock et al. 1992) , is that our fish are depressed in size because of previous fishery exploitation. If this is the case, we would expect to see an increase in size at age in the future as a function of the last 18 yr of recovery (Huntsman et al. 1999) .
We believe that our study, in comparison to Bullock et al. (1992) , more precisely estimates age of juvenile goliath grouper for fish from 0 to 6 yr of age. Our study succeeded in estimating the age of juvenile goliath grouper using non-lethal methods. Ideally, developing and implementing such ageing methods should be a goal for age and growth studies for protected species, depleted populations and other studies that rely on the survivorship of the study animal. Future investigations must examine age and growth of early post-settlement juveniles and the oldest goliath groupers to better understand the entire life history of this fish. ® ® ®
